Abstract. The request of high specificity and selectivity sensors suitable for mass production is a constant demand in medical research. For applications in point-of-care diagnostics and therapy, there is a high demand for low cost and rapid sensing platforms. This paper describes the fabrication and functionalization of gold electrodes arrays for the detection of deoxyribonucleic acid (DNA) in printed circuit board (PCB) technology. The process can be implemented to produce efficiently a large number of biosensors. We report an electrolytic plating procedure to fabricate low-density gold microarrays on PCB suitable for electrochemical DNA detection in research fields such as cancer diagnostics or pharmacogenetics, where biosensors are usually targeted to detect a small number of genes. PCB technology allows producing high precision, fast and low cost microelectrodes. The surface of the microarray is functionalized with self-assembled monolayers of mercaptoundodecanoic acid or thiolated DNA. The PCB microarray is tested by cyclic voltammetry in presence of 5 mM of the redox probe K 3 Fe(CN 6 ) in 0.1 M KCl. The voltammograms prove the correct immobilization of both the alkanethiol systems. The sensor is tested for detecting relevant markers for breast cancer. Results for 5 nM of the target TACSTD1 against the complementary TACSTD1 and non-complementary GRP, MYC, SCGB2A1, SCGB2A2, TOP2A probes show a remarkable detection limit of 0.05 nM and a high specificity.
Introduction
Monitoring of biological events has greatly benefited from the technological advances in the fabrication of electrochemical sensors. An impressive number of biomedical devices have been proposed and the tendency is to move towards lab-on-a-chip (LOC) systems [1] . In point-of-care applications, e.g. cancer diagnostics and personalised therapy, LOCs can be combined with low-density microarrays for detecting specific sequence of genes. As point-of-care screening tool, low density microarrays can represent a low cost and rapid alternative in over existing expensive and time-consuming systems such as high-density DNA microarrays [2, 3] . In a typical LOC, the molecule of interest is investigated by studying the effects produced by its interaction with a known molecule immobilized on a solid surface. In general, several factors influence the analytical result on a solid electrode, namely the surface properties (e.g. cleanliness, structure and chemistry), the type of electrode material, and electronic characteristics [4] . Therefore, a key aspect in improving the performance of LOC microfluidic devices is the choice of the materials, which have to enable the realization of biological assays (e.g. DNA assays) and be amenable to micro-fabrication or photolithography. Common materials, often used in combination or as bare substrates, are glass, silicon, silicon oxide, mica and gold but diamond thin film, indium tin oxide (ITO) and carbon paste are possible alternatives [5, 6] . Gold is widely known for its biocompatibility and its use is frequent in biosensors [7, 8] . The deposition of gold on a substrate, which is usually associated with an adhesion promotion layer such as Ti/W, palladium, chromium and nickel, is mainly accomplished by sputtering [9] , chemical or physical evaporation on silicon, mica and glass wafers [10] [11] [12] [13] , and electroless plating [14] [15] [16] . Although the devices based on these materials and methods are well established, electrochemical deoxyribonucleic acid (DNA) biosensors can take advantage of the printed circuit board (PCB) technology, which is cost effective and allows large-scale production and a high grade of miniaturization [17, 18] . Other relevant advantages of PCB technology is that the probability of error is negligible and the repeatability of experiments is improved. A crucial parameter in the performance of electrochemical DNA assays is the quality of the metal electrode used. The simplest approach to the formation of efficient DNA sensing surfaces consists in the self-assembly of thiolated DNA strands onto gold [19] . Gold is typically preferred due to its inertness and stability for DNA immobilization as well as wide electroanalytical potential working range. The self-assembly process has been extensively reported and will readily result in packed monolayers. Nonetheless, the quality of the monolayer, and consequently that of the sensor, will closely depend on the quality of the underlying metal layer. Furthermore, the contamination of the gold surface with other metals such as copper, nickel or cobalt will result in a loss of electrochemical stability and unstable monolayers. As such the ideal gold layer should be uniform, defect free (i.e. non-porous or pinholes free) and of the highest purity.
In the present study, an electrolytic fabrication and a functionalization process for low-density microarrays on FR4 PCBs for point-of-care applications are presented. These techniques are suitable for the development of biosensors for theranostics and can be implemented in small labs or extended to mass production. The fabrication process consists of PCB micro-etching and surface preparation and the deposition of a thick pure gold layer on standard FR4 copper PCBs, with nickel as adhesion promoter. The electrodes are functionalized with mercaptoundodecanoic acid or thiolated DNA and a proof of their suitability for electrochemical DNA sensing is reported when tested against six markers relevant for breast cancer.
Materials and methods

Electrode design
All electrochemical DNA assay measurements are performed with a potentiostat/galvanostat PGSTAT 12 Autolab controlled with the General Purpose Electrochemical System (GPES) software and equipped with a MUX module (Eco Chemie B.V., The Netherlands). The MUX module allows sequential addressing of up to 64 working electrodes that share the same counter and reference electrode. As such, the electrode chip, which is a square with a side-length of 22.6 mm, consists of 64 individually addressable 300 µm diameter working electrodes, a common counter electrode and common reference electrode. Internal reference and counter electrodes are used for the DNA assays, whilst an external platinum counter electrode and Ag/AgCl wire reference electrode are used for the electrochemical characterisation of the gold layers.
Electrolytic gold plating
The initial substrate is a 4-in square FR4 board with 18 µm copper on it, which allows fabricating four DNA detectors per time. Before plating, every PCB is patterned to define the copper tracks by a standard photolithography process.
Nickel plating
Copper is cleaned at room temperature (RT) for 5 min in a 5% solution of Electroposit™ PC Cleaner (Rohm and Haas Electronic Materials). After that, the PCB is rinsed with DI water in a beaker for 2 min at RT followed by spray rinsing with DI water. The nickel adhesion is promoted by the micro-etch Circuposit™ Etch 3336 (Rohm and Haas Electronic Materials). The etched copper is approximately 300 nm for 1 min of micro-etch at RT. To remove residual salts after micro-etching from the copper surface, the PCB is sequentially dipped in two beakers filled with DI water for 2 min at RT, respectively, and in a 10% sulphuric acid solution for 1 min at RT. The previous step completes the copper surface cleaning.
The nickel plating bath volume is 2 l and consists of 810 ml of nickel sulphamate solution (LECTRO-NIC™ 10-03 S by Enthone™), 80 g of boric acid to avoid large variations in bath pH during the plating cycle, 130 ml of LECTRO-NIC™ 10-03 Anode activator to increase the conductivity, 24 ml of LECTRO-NIC™ 10-03 Addition agent to minimize the stress during plating, 20 ml of LECTRO-NIC™ 10-03 Wetting agent to reduce the bath contamination and DI water, which is added until 2 l is reached.
High purity sulphide nickel anodes are used for the plating after an accurate cleaning in 3% HCl solution for 1 h at 50 • C. After rinsing with DI water, they are soaked for 15 min in 1 l of boiling DI water with 5 ml LECTRO-NIC™ 10-03 S. The bags are then soaked for 10 min at RT in 5% sulphuric acid solution and eventually rinsed with DI water. Thereafter, the anodes are left in a 10% HNO 3 solution until their surface is visibly clean and eventually rinsed with DI water for 1 min.
The plating is performed at 57 • C by supplying 1.5 A/dm 2 cathodic current density. Subsequently, the PCB is rinsed at 35 • C for 2 min in DI water. During our tests, it has been seen that this intensity is able to ensure a better uniformity of the final nickel layer compared to higher values. The cathode surface, i.e. the total copper area, is 37.94 cm 2 and is calculated by PCB layout software (CleWin by WieWeb Software). Therefore, this surface requires 570 mA for 16 min and 16 s (NTN 140M -12.5 power supply by FuG Elektronik) resulting in 5 µm nickel thickness.
Strike-gold plating
A mild acid cyanide strike-gold bath is used as a barrier to minimize the drag-in of contaminates into the successive gold plating bath, and furthermore, to promote the adhesion and reduce the porosity of the thicker gold layer on the top of the structure. This process starts by soaking the PCB in DI water for 2 min at RT. To remove residuals salts, as for copper etching, the PCB is cleaned in a 20% H 2 SO 4 solution at 35 • C for 30 s and then rinsed twice in two different beakers in DI water for 2 min at RT. The strike-gold bath is prepared by means of AUROBOND™ TN (Enthone™) and consists of 1.2 l AUROBOND™ TN B, 5.85 g of KAu(CN) 68.3%, and DI water added to reach 2 l solution. The strikegold plating is carried out with anodes of Pt/Ti-type at 50 • C by supplying 1 A/dm 2 cathodic current density, which corresponds to a current equal to 380 mA, for 1 min 20 s. The thickness of the deposited gold is roughly 200 nm. The strike-gold step is completed by rinsing the PCB in DI water at 35 • C for 2 min and successively at RT for 2 min.
Gold plating
The electrolytic process is completed by an alkaline non-cyanide bath to plate a 3 µm thick gold layer. The bath is based on NEUTRONEX™ 309 and is composed of 1.2 l NEUTRONEX™ 309 B (Enthone™) which only contains the additives for the bath, 200 ml of BDT-X complex (Enthone™) which contains 20 g of gold, and DI water added to adjust the final volume to 2 l. Gold plating is carried out at 50 • C. A cathodic current density of 0.4 A/dm 2 , i.e. a current of 150 mA, is supplied for 11 min 49 s. The PCB is rinsed with DI water at 35 • C for 2 min followed by 2 min at RT. The electrodes are ultimately dried by nitrogen gun.
The active electrodes area is defined by applying a solder mask layer on the PCB. Each DNA detector is cut out from the PCB by a metal guillotine. The final result is shown in Figs 1 and 2 . 
Cross-section
The accuracy of the electrolytic plating is initially evaluated by measuring the effective nickel and gold thicknesses in a cross-section analysis of the fabricated substrate. Figure 3 shows an optical image (Nikon Optiphot 200) of the cross-section. Both the nickel and gold, i.e. strike-gold and thick gold, layers present an acceptable small deviation of 140 nm from the thicknesses specified in the process protocol. It has to be noted that the distances are manually taken by the operator and, thus, a minimal amount of error is likely to be present. However, repeated measurements only show a difference of few nanometres. These small differences with the target thickness can be neglected and, hence, the resulting PCB is compatible with electrolytic plating defined in Section 2.
Functionalization
The DNA probes are designed in-silico and synthetic single stranded DNA (ssDNA) oligonucleotides of the selected sequences have been purchased as lyophilized powder from Eurofin MWG Operon GmbH (Germany) and reconstituted in Rnase and Dnase-free MilliQ water. The DNA probes have been supplied with an amino termination at the 5 -end and thiolated in house. Real surface area measurements are conducted as described by Trasatti et al. [20] .
All assay steps are prepared within a polymeric microfluidic system (total volume 30 µl) specifically designed for the electrode array used. The array is initially conditioned with 100 µl of PBS Tween followed by an injection of 100 µl of 5 nM TACSTD1 target sequence, prepared in PBS Tween (10 mM phosphate, 138 mM NaCl, 0.05% Tween-20, Ph 7.4).
Hybridisation is allowed to proceed for 60 minutes, followed by the injection of 500 µl of PBS Tween to remove any non-specifically bound ssDNA. Finally, the surface bound dsDNA is labeled by injecting 100 µl of HRP-labelled complementary secondary probe in PBS Tween, left to hybridise for 30 minutes, and rinsed by injecting 500 µl of PBS Tween. PBS Tween is used throughout the assay as high stringency buffer during the hybridization and washing steps as well reduce non-specific interaction between the HRP-label secondary probe and the chip surface. Liquid 3,3 , 5, 5 -tetramethyl-benzidine (TMB) ELISA substrate for the horseradish peroxidase (HRP) enzyme label (100 µl) is finally injected and the extent of hybridisation measured by pulse amperometry (0 V for 10 ms followed by −0.2 V for 500 ms). The current read at the end of the −0.2 V pulse is taken as the hybridisation signal due to the presence of the HRP reporter label. Control sensors consist of electrodes modified with DT only.
Electrochemical characterization
The resulting electrodes are initially tested electrochemically to estimate their real surface area as well as their capacity to support SAMs of mercaptoundodecanoic acid or thiolated DNA. The electrodes are chemically cleaned and immediately tested in dilute sulphuric acid. The voltammograms recorded for both gold thicknesses (Fig. 4(a) ) present the characteristics of polycrystalline gold electrode, i.e. oxidation peaks centred at 1.15 V and reduction of the formed oxide centred at 0.733 V, showing no contamination of the gold surface by the underlying copper and nickel layers. Based on the quantity of charges required for the reduction of the gold oxide layer the calculated roughness factor for the 3 µm thick layers is 7.3.
The electrode chips are functionalized with SAMs of MUA and TASCTD1 DNA probes coimmobilised in the presence of DT. The cyclic voltammograms recorded in the presence of 5 mM of the redox probe K 3 Fe(CN 6 ) in 0.1 M KCl demonstrate the successful immobilization of both alkanethiol systems as seen by the partial insulation of the electrode to the diffusion of the electroactive probe (Fig. 4(b) ). As seen from the voltammogram of the unmodified gold electrode, K 3 Fe(CN 6 ) can readily diffuse to the electrode surface resulting in well-defined oxidation and reduction peaks, centred at 0.174 V and −0.025 V respectively. Following the surface modification of the electrodes with either mercaptoundodecanoic acid (MUA) or thiolated DNA, the oxidation/reduction peaks are suppressed. The passivation of the electrode surface hint to the efficient immobilization of a monolayer of MUA or DNA, as the redox probe K 3 Fe(CN 6 ) can no longer diffuse to the electrode surface and be oxidized/reduced.
Finally, an array is modified with six DNA markers relevant to breast cancer, and tested against 5 nM of the complementary target TACSTD1 in order to determine the functionality of the platform. The assay relies on (i) the formation of a DNA duplex at the electrode surface between the immobilized probe and the complementary target sequence present in solution, followed by (ii) the labelling of the resulting DNA surface-duplex with a secondary DNA probe modified with HRP. Upon injection of the substrate, the enzyme is first oxidized by hydrogen peroxide which further oxidizes the electroactive TMB. By holding the electrode at a reducing potential of −0.2 V, an enzymatic redox cycling occurs, where the reduced TMB can be further reused by HRP and the resulting current reaches a steady state. The amperometric signal was taken after 500 ms.
Results presented in Fig. 5 show excellent discrimination between the complementary and noncomplementary probes with very low non-specific interactions. The current responses approximate 10 nA for any of the non-specific surfaces, either consisting of DT alone or DT co-assembled with unrelated DNA probes. On the contrary, a signal of −165.1 ± 16.9, −92.4 ± 16.6, −69.3 ± 5.7 and −36.3 ± 1.9 nA is recorded for the specific sensor modified with the TACSTD1 probe and exposed to sample of varying concentration (5, 2, 0.8 and 0.32 nM, respectively) demonstrating the suitability of the electrolytically deposited gold as a possible platform for development of quantitative electrochemical DNA sensors. Moreover, the developed sensor exhibited a theoretical limit of detection of 0.05 nM taken as the concentration value corresponding to the averaged current response for the DT sensors over the entire concentration range plus three times the averaged standard deviation (Fig. 6 ).
Conclusions
We have presented a technique to fabricate and functionalise low-density DNA microarrays capable of detecting breast cancer markers. Electroless plating is usually reported in literature for fabricating gold electrodes on PCB [21, 22] . However, in electroless plating, gold can be susceptible to contamination of nickel ions [23] and lead to a reduced biocompatibility of the sensing surface [22] . Therefore, in this paper, DNA biosensors have been fabricated by an electrolytic plating procedure, which has allowed depositing a high quality gold layer on copper PCB substrates. Cross-section analysis has shown a negligible variation in the thickness of gold layer. The quality and biocompatibility of the electrodes have been confirmed by electrochemical tests. Voltammograms have proven that the diffusion of metal contaminants, i.e. copper or nickel ions, from the bottom to the top surface of the sensor is prevented. This method can be used for small-scale fabrication in research lab or transferred to industrial mass production to reduce the price per unit of low-density DNA sensors.
Gold electrodes have been functionalised with SAMs of MUA and TASCTD1 DNA probes in presence of DT and tested for the identification of breast cancer markers. Experiments have shown that the functionalization is effective in reducing non-specific interactions and improving the detection limit of the biosensor. In fact, our method allows discriminating non-specific bindings with GRP, MYC, SCGB2A1, SCGB2A2, TOP2A and DT from the target TACSTD1, with a difference of 100 nA, approximately. Finally, the limit of detection of 0.05 nM represents a threefold improvement over previous similar work [19] . This low-density DNA sensor has the potential to be implemented in low cost miniaturized labon-a-chip systems capable of complex and real time measurements for point-of-care applications and pharmacological personalised therapies.
